Background. The genetic makeup of circulating Staphylococcus aureus (SA) populations varies by region. The extent to which SA virulence determinants contribute to the severity of pediatric infections is poorly understood. The study objective was to describe the genetic population of invasive SA (ISA) isolates from children in the Central New York (CNY) area and the prevalence of selected virulence genes. Methods. Clinical and demographic information for hospitalized children <19 years of age with community-onset or community-associated ISA infections, determined from clinical microbiology records, was extracted from medical records from Upstate Golisano Children's Hospital in CNY. Antibiotic susceptibility was assessed, and available isolates were genotyped and tested for the presence of selected virulence determinants. Associations between clinical and laboratory findings were evaluated using standard statistical techniques. Results. Ninety patients with ISA disease diagnosed between 2007 and 2010 were included in the study; 74% were due to methicillin-susceptible SA (MSSA). The most common clinical diagnosis was bacteremia. Fifty-seven of 90 isolates were available for further testing. The SA pulsed-field gel electrophoresis type, agr type, and clonal complexes most commonly isolated were USA300 (n = 25, 44%), agr1 (n = 30, 52%), and CC8 (n = 25, 44%), respectively. USA300 strains were more likely to be associated with deep abscesses (P = .007), whereas non-USA300 strains were associated with medical device infections (P = .018). Isolates from patients with deep abscesses and pneumonia were more likely to carry luk-PV genes (P = .023 and P = .051, respectively). Conclusions. MSSA remains an important problem of pediatric ISA infection in our region and results from genetically diverse SA populations.
Although methicillin-resistant SA (MRSA) has become the predominant cause of purulent skin and soft tissue infections, its role in pediatric ISA infections varies by geographic location [1, 3] . A recent study supports the occurrence of geographical clustering among invasive MRSA isolates, which contrasts with observations in methicillin-susceptible SA (MSSA) [4] . This reported discrepancy in the clustering of MSSA and MRSA infection prompted us to further characterize microbial isolates that cause ISA in children from central New York (CNY), where MSSA is the predominant cause of serious SA infection [3] . Because of the high MSSA prevalence, it was hypothesized that local circulating MSSA strains may harbor more virulence determinants than local MRSA strains. In this study, we describe the genetic population of ISA isolates from children in the CNY area and the prevalence of selected virulence genes and phenotypes identified. In addition, we compare other differences between MRSA and MSSA isolates, including pulsed-field type (PFT), clinical conditions, and disease severity.
METHODS Study Population
Children <19 years of age, who were admitted to Upstate Golisano Children's Hospital (GCH) in Syracuse, New York between January 2007 and December 2010 with culture-documented ISA, were eligible for inclusion in this study. Infants admitted to the neonatal intensive care unit were excluded from the study. The GCH is a 71-bed "hospital within a hospital," which is a part of the State University of New York (SUNY) Upstate Medical University (UMU) academic medical center providing tertiary care for children from 17 counties in CNY. ISA diagnosis was based on clinical microbiology laboratory reports. Only those patients, healthy or with comorbid conditions, from whom SA was isolated from a sterile site (bloodstream, lungs, heart, central nervous system, bone, joints, lymph nodes, and abdomen) within 48 hours of hospital admission were included; this meets the Centers for Disease Control and Prevention definition of community-onset or community-associated SA infection [5] . The Institutional Review Board at SUNY UMU approved this study and waived the need for consent.
Data Collection
Based on laboratory test reports of SA isolates recovered from sterile body sites, a standardized data collection log was used to collect corresponding clinical data. A retrospective chart review was performed for all children included in the study, regardless of availability of case-associated SA isolates. Clinical, demographic, and bacteriological information were collected from the medical records.
Antibiotic Susceptibility of ISA Isolates
At the UMU clinical laboratory, SA isolation was performed according to established protocols [6] . We used both standard microbiology laboratory susceptibility data performed on fresh isolates and confirmed the resistant susceptibility phenotype by using the mecA gene polymerase chain reaction (PCR) testing performed on the frozen isolates. Routine antibiotic susceptibility testing was performed according to standards of the Clinical and Laboratory Standards Institute [7, 8] . Oxacillin sensitivities were corroborated by identification of the mecA gene by PCR/electrospray ionization-mass spectrometry (ESI-MS) [11] .
Molecular Characterization of ISA Isolates
Clinical isolates were stored in sterile skim milk at -70°C for up to 24 months and shipped to the Infectious Disease Research Core at the BIO5 Institute (University of Arizona, Tucson, AZ). To retrieve from a frozen state, isolates were inoculated with Trypticase Soy Agar containing 5% Sheep blood (BectonDickinson, Cockeysville, MD). Cultures were incubated for 18-28 hours at 37°C and examined for bacterial growth characteristic of SA. Species identification was confirmed by the production of coagulase, agglutination with the Pastorex Staph-Plus test (Bio-Rad, Benicia, CA), the Vitek2 GP card (bioMerieux, Durham, NC), and PCR/ESI-MS.
SA isolates were examined for the presence of the following virulence genes: toxic shock syndrome toxin (tst), Panton-Valentine leukocidin (lukS/lukF, labeled luk-PV), leukocidins D and E (labeled lukD/E), staphylokinase (sak), alpha-hemolysins (hla), betahemolysins (hlb), and delta-hemolysins (hld), enterotoxin A (sea), and exfoliative toxins A (eta), B (etb), and D (etd). Characterization of common clonal complexes (CCs), expression of Hlb, typing of accessory gene regulatory regions (agr types 1-4), and amino acid polymorphisms of the lukS gene were identified by either PCR [9] or PCR/ESI-MS [10] .
DNA Extraction
DNA was extracted from isolates using protocols established for the BioRobot EZ-1 instrument by the manufacturer (QIAGEN, Germantown, MD).
Extracted DNA was eluted and used as a template for PCR/ESI-MS. For gene-specific PCR, DNA was obtained by heating a turbid suspension of bacterial growth in nuclease-free water (Thermo Fisher Scientific, Middelton, VA) at 95°C for 20 minutes to assure complete cell lysis. The suspension was then centrifuged for 10 minutes at 15 871 × g to pellet cellular debris, and the supernatant was collected and used as a gene-specific PCR template.
PCR/ESI-MS
Extracted DNA was added to a 96-well plate containing primers specific for SA speciation and toxin gene detection [10, 11] . The resulting PCR amplicons were desalted and analyzed by the Ibis T5000 mass spectrometer. Base compositions of each amplicon were determined by the Ibis T5000 software package and were used to characterize each isolate for both toxin gene presence and molecular categorization [10, 11] .
Gene-Specific PCR
PCR was performed using the ABI 2720 thermal cycler (Applied Biosciences, Foster City, CA) with GoTaq Green Mastermix (Promega, Madison, WI), using primers and cycling parameters from publications listed in Table 1 . After PCR, amplicons were visualized by gel electrophoresis using 1% agarose gels supplemented with ethidium bromide. Gels were visualized under ultraviolet light for the presence or absence of gene-specific bands of appropriate size (Table 1 ) and photographed.
Clonal Complex Assignment, USA PFT, and Accessory Gene Regulator (agr) Type Determination All isolates were grouped as staphylococcal agr types 1-4 by differential PCR (described previously) [12] . USA PFTs types and CC types were inferred from multilocus sequence typing data via PCR/ESI-MS [10, 11] . The MRSA Typing and Characterization Kit was used according to manufacturer's instructions (Abbott Molecular, Des Plaines, IL). SA strain differentiation and genotyping were performed using standard protocols [11, 12] . When isolates were untypeable by PCR/ESI-MS, typing was performed by pulsed-field gel electrophoresis (PFGE) and multiple-locus variable-number tandem repeat analysis following protocols established by Malachowa et al [13] . For all practical purposes, USA300 includes USA300 PFT (identified by PFGE) and USA300/500 strains as identified by PCR/ESI-MS. 
Panton-Valentine Leukocidin and Toxic Shock Syndrome Toxin Genes
The MRSA Typing and Characterization Kit (Abbott Molecular) also was used to identify genes encoding the Panton-Valentine leukocidin (PVL) and the toxic shock syndrome toxin 1 [10, 14] .
Phenotypic Verification of Hlb Expression by Hot-Cold Lysis
Isolates were screened for Hlb-hemolysin expression by the hot-cold lysis method; Hlb expression was visualized on sheep blood agar by cold shock after staphylococcal growth resulting in complete lysis of erythrocytes in the media [15] .
Controls
For PCR controls, molecularly characterized strains from the National Institutes of Health Network for Antibiotic Resistance in SA ([NARSA] www.narsa.net) containing all specified genes of interest were used. Appropriate positive and negative controls were tested with each PCR batch to assure proper amplification of genetic targets. Bacteria were propagated from frozen stocks, diluted 1:200, and incubated at 37°C overnight with shaking (250 rpm) in trypticase soy broth (BectonDickinson) containing 0.25% glucose.
Statistical Analysis
The analyses included a descriptive phase to assess the frequencies of all variables (both clinical and laboratory-generated) as well as the means and standard deviations of continuous variables such as age. An analytic phase followed in which possible associations between methicillin sensitivity or resistance status and the clinical characteristics of patients (including age, gender, discharge diagnoses, death, intensive care unit [ICU] stay, or presence/type of underlying condition] were evaluated. Patient age was grouped in the following categories for these comparisons; 0-4, 5-9, 10-14, and 15-18 years of age. Virulence factor data (eg, the presence or absence of the SA isolate genes) were also evaluated with respect to methicillin sensitivity or resistance status, diagnoses (site of infection), ICU stay, presence of comorbid conditions, USA PFT type (USA300 versus non-USA300), gender, and age of patients. Finally, USA PFT type was assessed with respect to patient diagnoses and ICU stay. Pearson's χ test was used to assess categorical variable associations, and the Student's t test was used for continuous variables such as age. Statistical analyses were conducted using SPSS (Statistical Package for the Social Sciences); all hypotheses were 2-tailed, and P .05 was considered to be statistically significant.
RESULTS

Sites and Types of Invasive Disease
Ninety patients were diagnosed with ISA from January 2007 to December 2010 and were included in the study. Upon discharge, there were 149 clinical diagnoses for these 90 patients. Table 2 summarizes patient age, gender, and site of infection among children with ISA. Fifty-nine (66%) patients were male, with a median age of 86 months (7.1 years). The most common clinical diagnoses were bacteremia (57%), osteoarticular (OA) infection (37%), and medical device infection (30%) (see Table 2 ). Thirty children (33%) required an ICU stay; no deaths occurred among study participants. Of the 90 ISA infections, 67 (74%) were MSSA and 23 (26%) were MRSA.
Molecular Characterization of Bacterial Isolates
Fifty-seven isolates, from the 90 study patients, were available for molecular analysis. Forty (70%) of these isolates were MSSA and 17 (30%) were MRSA. The SA PFT most commonly isolated from study participants was USA300 (n = 25, 44%). Thirteen of the 25 (52%) USA300 isolates were MRSA. Figure 1 depicts Invasive S aureus Infection in Children 33 the distribution of SA strains by clinical presentation. USA300 strains were more likely to be associated with deep abscesses (P = .007), whereas non-USA300 strains were associated with medical device infections (P = .018). The USA PFTs were strongly correlated with CCs and agr types (see Fig. 2 ); USA300 and agr type 1 was more commonly associated with CC8, whereas agr type 3 was more common among USA200/1100 isolates with CC30, P < .001. MSSA strains were more likely to be luk-D-positive and PV-negative (n = 10, 25%), whereas MRSA strains were more likely to be both luk-D-positive and PV-positive (n = 13, 77%), P < .001. MRSA strains were less likely to contain tst gene when compared with MSSA isolates, 0% versus 30% (P = .011) (shown in Table 3 ). All MRSA isolates contained luk-D/E genes compared with 50% of MSSA isolates (P < .001). Isolates with luk-PV genes were found only in USA300 ISA strains, whereas tst, hlb, and sea were observed only in non-USA300 ISA strains. In addition, lukD/E was present in USA300 more commonly than non-USA300 ISA strains (P < .001) (Fig. 3) . Table 3 shows the distribution of virulence genes in SA isolates by the presence of comorbid conditions, clinical diagnosis, gender, and age of patient. All SA isolates were PCR-positive for hla and hld, and were PCR-negative for eta, etb, and etd toxins and therefore are not listed in Table 3 . Patients who presented with deep abscesses were more likely to have luk-PV-positive SA isolates (P = .023), whereas patients with medical device infections tended to have luk-PV-negative SA isolates (P = .007). Clinical diagnoses of medical device infection and bacteremia were associated with sea-negative SA isolates (P = .046 and .039, respectively). Patients with comorbid condition were more commonly infected with sea-positive isolates (P = .041). Finally, Fig. 4 represents the relationship of key genetic virulence determinants and PFT among ISA isolates.
Among the 57 ISA isolates tested, 23 (40%) were PVL-R variants; no mutations were detected in the remaining 34 isolates, and there were no PVL-H variants. Among all 23 PVL-R variants, 13 were MRSA isolates and 10 were MSSA isolates. PVL-R variants were dominated by CC8 (n = 20, 87%), with 3 not typeable isolates. Among the 34 luk-PV-negative isolates, MSSA was present in 30 (88%) and MRSA was present in 4 (12%). CC30 was the most frequently observed CC in the luk-PV-negative isolates, found in 16 of 34 (47%), followed by CC5 (n = 7), CC8 (n = 4), CC15 (n = 2), CC45 (n = 2), and CC59 (n = 1); 2 isolates were not typeable. Figure 4 describes the distribution of PVL-R variant among common CCs, MRSA, and MSSA isolates.
DISCUSSION
This is the first study to describe molecular characterization and virulence factors of ISA in both previously healthy children and children with underlying 
Comorbid condition Abbreviations: hlb, beta-hemolysin; luk-PV, Panton-Valentine leukocidin; lukD of E, leukocidin D and E; MRSA, methicillin-resistant S aureus;
MSSA, methicillin-susceptible S aureus; sak, staphylokinase; sea, enterotoxin A; tst, toxic shock syndrome toxin-1. a Indicates significant association between a clinical diagnosis and the presence of a gene (P .05).
conditions. Sixty-three percent (n = 36) of patients whose isolates were available for testing had at least 1 or more comorbid conditions. Medical device infections were more commonly associated with non-USA300, and luk-PV-negative and sea-negative strains, suggesting that susceptibility to infection may be due to yet-unidentified virulence determinants or disturbed host defenses. Future studies also should include children with underlying medical conditions because they constitute a unique population in regards to infecting SA strains. In this study, as in previously published work, luk-PV is significantly associated with abscesses and pneumonia [14, [16] [17] [18] [19] [20] [21] . Unlike prior studies that demonstrate luk-PV to be present in ISA strains causing OA infections [21] [22] [23] [24] , we found no significant association, possibly due to a small sample size. Alternatively, the variable presence of PVL genes suggests the importance of other virulence factors and/or possibly PVL expression levels in children with ISA OA infection.
No single virulence factor tested was positively associated with the ICU stay. This is contrary to a previous study describing the importance of sea gene in adults with sepsis and shock, and it could be the result of different SA clones circulating in CNY or a different genetic or immunological susceptibility to ISA among children when compared with adults [25] . In fact, among 17 children admitted to ICU whose isolates were available for testing, 12 had comorbid condition (eg, ventriculo-peritoneal shunt), supporting the notion of individual, host vulnerability to SA infection in children with underlying medical conditions. Panton-Valentine leukocidin is a bicomponent toxin that is encoded by 2 genes, lukS and lukF. Two major sequence variants, the R and H variants of the lukS gene coding region, were identified [26] . The importance of the mutation in the PVL toxin and their Presence of selected virulence factors by pulsed-field type (PFT). Fifty-seven isolates were categorized by USA PFT and the corresponding presence of lukD/E, luk-PV tst, and sea toxin genes. Isolates containing gene products that correspond to the aforementioned toxins are designated positive (in orange); isolates that do not contain the gene product are designated as negative (in red). Abbreviations: NT, non-typeable by the polymerase chain reaction-electrospray ionizationmass spectrometry method (PCR/ESI-MS); tst, toxic shock syndrome toxin-1; luk-PV, panton-valentine leukocidin; sea, enterotoxin A. a Note that USA300 includes USA300 PFT (identified by pulsed-field gel electrophoresis) and USA300/500 strains as identified by PCR/ESI-MS. One isolate excluded as a USA300 PFT. functional significance are not well understood; however, a description of these variants may aid the elucidation of their contributions to SA pathogenesis and geographic prevalence. In our study population, the PVL-R variant was not associated with MRSA status. It was previously believed that PVL-R variants were linked to USA300 MRSA [26] , but recently R-variant USA300 MSSA isolates have been identified, with the loss of methicillin resistance postulated to be an adaptation to the community [27] . The majority (87%) of our PVL-R variants belonged to CC8, findings which are supported by others [27] . Among all isolates, 60% (n = 34) had no luk-PV mutation detected, suggesting that whatever role luk-PV variants may play in invasive disease, it is not the sole determinant of virulence in children. In addition, all PVL-R variants belonged to USA300 type and were observed among both MRSA (n = 13) and MSSA (n = 10) isolates. Among 23 children with PVL-R variant, only 2 (9%) had a medical device in place compared with 20 (59%) children with medical devices and absent luk-PV genes (data not shown). The prevalence of identical R-variant sequences in the United States, 90% of which are associated with CC8, suggests that these luk-PV genes have spread rapidly, primarily via a single, highly successful clone [26] . Our findings suggest that MSSA, luk-PV-positive isolates responsible for invasive infections in children are related to MRSA clones, explaining more severe disease observed with MSSA in our region. Future studies should include sequencing of the SCCmec cassette insertion site because we did not have a sufficient number of isolates to confirm this hypothesis.
Most human SA isolates express the hla gene, but only limited numbers express the hlb gene product [28] . Whereas Hla is known to play a role in the severity of SA disease, there are reports of Hla-deficient SA mutants that have displayed reduced virulence in invasive disease mouse models. Passive protection with anti-Hla sera offered a protection from challenge with both purified Hla toxin and intraperitoneal injection of SA in a mouse model [29, 30] . The mechanisms by which Hla induces secretion of cytokines and other inflammatory mediators are unknown, but a study of human monocyte cell lines suggests the importance of NLRP3 inflammasome, a specific host signaling pathway [31] . In our study, hla was present in all clinical isolates irrespective of clinical condition, highlighting the potential importance of this virulence determinant in ISA infection in children. In our study, children with bacteremia were significantly less likely to carry the sea gene. This is contrary to previous observations [21, 25] , suggesting the importance of other virulence determinants in children with bacteremia when compared with adults. Aside from luk-PV and sea, no other tested genes predominated as a major predictor of virulence. Our data are in agreement with the study of Lindsay et al [32] , who found no evidence that certain genes or lineages are associated with ISA in the community setting.
In our study, a large proportion of invasive isolates belonged to 2 clonal groups; the first consisted of CC8-, agr1-, and USA300-positive isolates, and the second consisted of CC30-, agr3-, and USA200/ 1100-positive isolates (Fig. 2) . Likewise, USA300 clone was noted to be an important predictor of ISA among previously healthy children in Texas [33] . It is unclear whether USA300 and USA200/1100 SA strains are important causes of ISA in CNY due to their particular virulence or simply based on frequency. Future studies focusing on the background prevalence of circulating SA strains among asymptomatic children could facilitate answering this important question.
There are some limitations to this study, including the use of PCR for evaluation of "gene presence or absence"; its detection may not be indicative of downstream gene effect. However, Verkaik et al [21] showed that the presence of etb, sec, seh, sea, tst, eta, and luk-PV genes as detected by PCR correlated well with immune response during SA infection among adults and a small group of 23 children, thus suggesting active expression of the selected toxins.
We had a total of 57 isolates from 90 participants in the study, a relatively small sample size that impacted our ability to see small differences in the proportion of genes present/absent or clonal groups relative to some of the clinical conditions, characteristics, and demographic factors. Although we made numerous comparisons in our study, a multiple comparison procedure was not used because this was an exploratory study with many distinct research questions. The use of such a procedure would have implied an overall hypothesis that combined all topics within the study and would have made our individual estimates more imprecise (wider confidence intervals). Although we cannot rule out the presence of type 1 error (false positives), additional studies are needed to confirm or refute our observed associations. To rule out selection bias among available isolates, we analyzed our data and found no significant differences by age, gender, ICU, MSSA/MRSA status, multiple diagnoses, or Invasive S aureus Infection in Children 37 underlying conditions among patients whose isolates were or were not available for laboratory testing.
In conclusion, MSSA remains an important cause of pediatric ISA infection in our region. In addition, luk-PV and sea genes were associated with deep abscesses, pneumonia, and comorbid conditions, respectively. Future studies are needed to validate our findings and to include a broader range of target virulence determinants across larger populations of healthy and chronically ill children.
